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Abstract 
A major problem encountered in piping systems in the nuclear power plant and heavy chemical industries is pipe wall thinning 
due to corrosion-erosion or impingement attack. Since this can result in a leak, it is important to develop a nondestructive on-line 
monitoring technology on the basis of detailed inspection of the erosion-corrosion process that produces wall-thinning and can lead 
to leakage. In this study, wall thinning phenomena by erosion-corrosion of a KSD3507 carbon steel curved pipe was 
nondestructively assessed under conditions of 50oC, 3.5wt.% NaCl solution, and a flow rate of 5m/s. Two procedures—vibration 
method, and direct current potential drop (DCPD) method-- were tested and evaluated. From the results, it is expected that these two 
procedures can be applied to non-destructive inspection technology for wall thinning in a pipe system. However, it is necessary to 
make additional studies for development of a reasonable and reliable inspection technology.  
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1. Introduction 
A major problem encountered in piping systems in the nuclear power plant and heavy chemical  
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industries is pipe wall thinning due to corrosion-erosion or impingement attack. Erosion is the removal of 
material from a surface by impact, cutting, or frictional wear reaction from solid particles entrained in a 
flowing fluid medium. Corrosion is a material loss process due to electro-mechanical reactions with the 
environment. The erosion-corrosion process combines these two phenomena. Erosion-corrosion is 
frequently caused by relatively high water velocity and the turbulence of flowing fluid media [1, 2]. 
Additional factors affecting erosion-corrosion damage are the temperature, pH, quantity of dissolved 
oxygen in the water, and composition of the materials [3].  Therefore, it is important to make risk-based 
inspection and integrity assessment for industrial facilities including the pipes and tubes, steam turbine, 
and pneumatic equipment.  However, since erosion-corrosion damage is a time-delayed process, it is 
difficult to monitor the process in a short period of time. Therefore, to analyze and assess the erosion-
corrosion mechanism and processes, simulated and accelerated test methods in the laboratory are used. In 
this study, wall-thinning phenomena by erosion-corrosion in a 90o elbow of a pipe system, made of 
KSD3507 carbon steel, was non-destructively assessed under the condition of 50RC, 3.5wt.% NaCl 
solution, and a flow rate of 5m/s. Two procedures--the vibration method, and direct current potential drop 
( DCPD) method-- were tested and evaluated.  
 
2. Simulation of Fluid Flow and Mechanical Conditions on the Inner Side of the Elbow 
 
2.1 Modeling 
 
The fluid flow running in the pipe-line is nearly laminar in the linear section of the pipe, and changes to 
a very complicated turbulent flow state by impact with the pipe wall due to the inertia of fluid flow in the 
curved pipe.  This turbulent flow promotes erosion-corrosion of the pipe wall, and become a main cause 
of wall thinning. Thus, we simulated and analyzed both the fluid flow velocity and impact pressure 
distribution in the curved part (90o elbow) of the pipe. The simulated model was divided into linear and 
curved regions as shown in Figure 1. Pre-processing and post-processing were performed using the 
ANSYS CFX commercial software package. Model elements were generated using the auto-mesh process. 
Fluid flow state was assumed to be steady state incompressible turbulent flow. The fluid flowing in the 
pipe was water with the following properties: density=9.624 kN/m3, viscosity=0.00982949.83x10-3N/mŘs, 
and specific heat=0.9991 cal/g. The velocities of fluid flow used to analyze the pressure distribution at the 
elbow were 1, 3, 5, and 7 m/s.          
 
 
Figure1. Finite element analysis model for fluid flow velocity and impact pressure in the  90o elbow 
 
2.2 Analysis result 
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   Figure 2 shows an example of the distribution of fluid flow velocity and pressure due to fluid flow at 
the 90ƕ elbow. By changing the flow state due to the impact with the inner wall of the 90ƕ elbow, the flow 
velocity of the water increased at the inside, and decreased at outside, as shown in Figure 2(a). The 
impact phenomena in the inner wall of the linear section of the pipe is not remarkable; however, as shown 
in Figure 2(b), it was found that high pressure was distributed by impact with the pipe wall due to the 
inertia of the fluid flow in the 90ƕ elbow.  Therefore, since the fluid flow state changed from laminar flow 
in the linear section to turbulent flow by impact with the pipe wall due to the inertia of the fluid flowing 
in the 90o elbow, the erosion-corrosion reaction at the 90o elbow was more active than that in the linear 
section. Figure 3 indicates a relationship between flow velocity and impact pressure of water at the elbow. 
Impact pressure at the elbow increased with the increase in flow velocity. By increasing flow velocity, the 
degree of turbulent generation increased due to the imbalance of the impact pressure at the elbow; it can 
then be assumed that the erosion-corrosion phenomena at the 90ƕ elbow could be promoted.  
  
 
 
 
 
 
 
 
 
 
                          (a) Fluid flow velocity distribution                                       (b) Pressure distribution 
Figure 2. Velocity and impact pressure distribution by fluid flow at 90ƕ elbow 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Relationship between fluid flow velocity and impact force in the pipe 
3. Nondestructive Assessment of Wall Thinning at the 90ƕ Elbow
 
3.1 Specimen and test procedures 
We used a galvanized carbon steel (KS D3507) 90o elbow shown in Figure 1 as a test specimen. Table 1 
illustrates the chemical composition of KS D3507. The dimensions of the specimen are an inner diameter 
(di) =50 mm, and an outer diameter (do) =60.5 mm. Figure 4 shows a schematic diagram of the test 
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equipment. The circulating fluid is 3.5wt.% NaCl solution at 50oC that produced an accelerated corrosion 
reaction in a short period of time. To maintain and control the solution temperature during the test, a 
thermocouple and electric heater were placed in the solution tank. Since the major parameters are 
vibration and electric potential characteristics, major system components such as the pump, solution tanks, 
traps, and supporters of the pipe-line were protected using rubber pads to dampen the original vibration 
due to solution flow and pump operation. In order to maintain chemical equilibrium of the 3.5wt.% NaCl 
solution during the long test period, the solution was changed every two weeks. Since dissolved oxygen 
in a circulating solution affects the corrosion reaction, it should be removed. However, in this study, since 
the goal was to assess vibration and electric potential characteristics by wall thinning of the pipe due to 
corrosion degradation and erosion-corrosion phenomena, the influence of dissolved oxygen in the 
solution was not considered. The solution temperature also affects erosion-corrosion phenomena, but 
since it is not major parameter of this study, the solution temperature held at 50oC to accelerate the 
corrosion reaction. Figure 5 shows an acceleration sensor, and the locations at which the vibration and electric 
characteristics were measured. Based on the finite element analysis results, vibration characteristics were 
measured using the acceleration sensors (sampling frequency=600Hz, Data acquisition board: spider 8, 
software: Catman program) at the nine positions generated the maximum impact pressure. Three wires to 
measure voltage changes due to wall thinning of the pipe were set in the radial direction at the positions 
that generate maximum impact pressure. The current used to measure electric characteristics by the 
DCPD method was 3 A, and changes in voltage were measured using a nano-voltmeter. The total test 
period was 20weeks. 
 
Table 1. Chemical composition of KS D3507  
 
 
Material                                  P                                  S                             
 
              KS D3507                       less than 0.04              less than 0.04 
 
 
 
Figure 4. Schematic diagram of the test equipment             Figure 5. Acceleration sensor, and locations of 
measured vibration and electric characteristics 
 
3.2 Result and discussion 
 
Figure 6 shows the inner side conditions of the specimen before and after the test. As shown in Figure 
5, after 20weeks, the inner wall of the 90ƕ elbow was corroded and covered by corrosion products. Some 
pits and eroded spots were observed at the inner surface of the elbow. However, outside (extrados in 
Figure 6) generated high velocity and large impact pressure was more remarkable than inside (intrados). 
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Figures 7-9 indicate the relationship between the amplitude of vibration and the test period for each 
measured location. As mentioned previously, it has been shown that the Y-axis amplitudes of vibration at 
outside generated high velocity and impact pressure were higher than those of inside. The Y-axis 
amplitudes at locations 1-3 were very similar to those at locations 4-6, and locations 7-9 showed low 
amplitudes compared to those at locations 1-6. These results are due to the difference in turbulent flow 
intensity between the upper and lower side in the 90ƕ elbow region. However, it was shown that the Y-
axis amplitudes of locations 1-6 decreased after nine weeks. The decrease in these Y-axis amplitudes is 
assumed to be due to the fact that the inner surface of the elbow was softened by corrosion degradation 
and some erosion-corrosion generation. The magnitudes of the X-axis amplitudes of locations 1-9 were 
lower than those of the Y-axis amplitudes, and the changes of the X-axis amplitudes over the test period 
were very small. Figure 10 indicates the relationship between voltage and time for lines 1(locations 1-3), 
2(locations 4-6), 3(locations 7-9). The voltages each line increased with time, in particular, location of 
line 2 was the highest compared with locations in lines 1 and 2. Location of line 2 showing this result  
coincided with location 4-6, which showed the largest amplitudes. The increase in voltage according to 
test period lapse was due to an increase in electrical resistance by section area reduction and surface 
softening of the elbow from corrosion degradation and the erosion-corrosion phenomena.  It can be 
assumed that if the fluid flow velocity, solution temperature, pH, and solution concentration increase, 
wall thinning will be also accelerated by corrosion degradation and the erosion-corrosion mechanism. 
Figure 11 shows the inner surface conditions for locations 2, 5, and 8 after the test. It was found that the 
surface conditions for the central location (No.5) was the roughest compared to locations 2 and 8 due to 
corrosion and the erosion-corrosion reaction.       
 
 
G

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FigXUH 6 Inner surface conditions of the 90ƕ elbow before and after tests. 

 
 
 
 
 
 
 
 
 
Figure 7. Relationship between amplitude                    Figure 8. Relationship between amplitude  
and test period for location Nos.1-3                               and test period for location Nos.4-6 
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Figure 9. Relationship between amplitude                      Figure 10. Relationship between voltage 
and test period for location Nos.7-9                                       and test period for lines 1-3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.  Inner surface conditions for location Nos.2, 5, and 8 after the test 
 
 
4. Conclusion 
 
As pipe material is degraded by corrosion and the erosion-corrosion reaction, its thickness decreases. 
To develop a non-destructive inspection technology for wall-thinning in a pipe system, the wall-thinning 
phenomena by corrosion and the erosion-corrosion at 90o elbow was assessed under the conditions of 
50oC, 3.5wt.% NaCl solution, and a flow rate of 5m/s. The vibration method, and DCPD method were 
tested and evaluated. From the results, it is expected that these two procedures can be applied to non-
destructive inspection technology for wall-thinning in a pipe system. However, it is necessary to make a 
additional studies for the development of a reasonable and reliable inspection technology. 
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